Ecological and economic benefits of the application of bio-based mineral fertilizers in modern agriculture [1] . Unfortunately, fertilizer production requires significant amounts of fossil energy. Up to 29 GJ t À1 is used for the production of NH 4 through the Haber-Bosch process under optimal conditions [2] . Also, prices for mineral fertilizers are increasing, whereas nutrient resources are depleting [3] [4], [5] , and [6] . Particularly phosphorus is a nutrient with fast increasing scarcity. It is expected that the direct available phosphorus resources will be completely depleted by the end of this century [5] , [6] , and [7] . In the transition from a fossil-based to a bio-based economy, it has therefore become an important challenge to maximally recuperate and recycle valuable nutrients from waste streams in a sustainable and environmentally friendly manner.
In frame of the 2020 directives, the conversion of biomass such as energy crops, organic residues and animal wastes, into biogas through anaerobic digestion has been evaluated as one of the most energy-efficient and environmentally beneficial technologies for bio-energy production [8] . However, the anaerobic digestion of biomass produces besides renewable energy also nutrient-rich digestates as a "waste" stream. In high-nutrient regions such as Flanders (Belgium), Barcelona (Spain), Nord-Rein Westfalen (Germany), Bretagne (France), Denmark and the Netherlands, these digestates need to be processed further and cannot or only sparingly be returned to arable land as a fertilizer in its crude unprocessed form [9] . The underlying reason for this technical prerequisite is that, due to intensive industrial animal production, these regions are characterized by an overproduction of animal manure in comparison to the available arable land.
Initial steps of digestate processing generally comprise the use of separation and/or dewatering technologies, using emulsion or powder based polymers for flocculation [10] . The resulting thick fractions are mostly dried, turning them into pasteurized and stabilized exportable organic soil conditioners, high in phosphorus and organic matter [11] . The liquid fraction (LF) produced by the separation step contains the majority of the digestate's potassium and inorganic nitrogen. This liquid fraction can be processed further by ammonia stripping or membrane filtration, for example microfiltration (MF), ultrafiltration (UF) and/or reversed osmosis (RO) [12] and [13] . Each step in a membrane cascade again generates two downstream products, concentrate and permeate, with varying characteristics concerning macro-and micronutrient composition. Alternatively, the liquid fraction after separation can be treated biologically, for example by nitrificationdenitrification. However, nitrification-denitrification ultimately converts valuable nitrogen into nitrogen gas (N 2 ), which is then eliminated from the local agricultural cycle. In regions where agricultural nitrogen emissions to the environment are already excessive and in conflict with the European nitrate directive for protection of water bodies, this nitrogen elimination may be economically and ecologically sensible for a given portion of the nitrogen. Furthermore, exhaust gases of the biogas cogen-engines and driers need to be washed before emission into the atmosphere. This involves the use of acidic, alkaline and/or oxidative scrubber techniques, again resulting in different types of specific streams, some of which contain large amounts of inorganic nutrients. In acidic air scrubbers, for example, sulfuric acid is dosed to capture NH 3 and amines, thereby producing (NH 4 ) 2 SO 4 as a nutrient-rich waste stream. Alkaline air scrubbers are then used to neutralize acidic components that escaped from the system or to oxidize organic compounds such as H 2 S [14] .
The above described derivatives can function as either inorganic or organic fertilizers and/or soil conditioners, in the meantime providing renewable substitutes for mineral fertilizers based on fossil resources. Such a sustainable development strategy is in line with the cradle-to-cradle approach [15] : waste turns into secondary resources (Fig. 1) .
In the past, only digestates in their crude form have been compared with animal manures in comprehensive research [16] . Insights in the composition and properties of the more important derivatives is lacking, though very relevant, as the treatment and the transport of these products is expensive and energy consuming, while valuable nutrients are often wasted. If a sustainable market for digestate and its derivatives would exist, the digestate problem could be turned into an economic and ecological opportunity. Valorization of macro-and micronutrients from digestate processing is therefore an important challenge for the future.
This study aims to characterize the physico-chemical properties of the different derivatives coming from digestate processing, with attention for general conditions such as pH and conductivity, macronutrients, essential and nonessential trace elements, organic carbon (OC) and nutritive ratios. The fertilizer value and the potential bottlenecks for reuse of these products in comparison with conventional fertilizers are identified. Finally, the economic and ecological benefits of substituting conventional fertilizers by digestate derivatives are calculated for the most relevant cultivation scenario's. The knowledge obtained in this research should greatly enhance the understanding and useful application of digestate and its derivatives. Getting a better view on the dilemmas and opportunities posed by these products can in turn help to improve the underlying economics of biodigestion. As such, this research can serve as a catalyst to Fig. 1 e Visualization of the cradle-to-cradle concept: Biomass waste (manure, organic-biological waste, energy crops) is turned into secondary resources (renewable energy and green fertilizers). stimulate this vital, yet fragile, innovative economic activity in frame of the 2020 objectives.
2.
Material and methods
Site description and experimental set-up
Samples of the various digestate derivatives were taken in three different anaerobic digestion plants in Belgium: Goemaere Eneco Energy Diksmuide, Mandel Eneco Energy Roeselare and Sap Eneco Energy Merkem. The incoming feed to the digesters is composed of animal manure, organic-biological waste and energy maize. The following process streams were sampled: digestates, thick fractions (TF) of digestates after separation, thick fractions (TF) of digestates after separation and drying, liquid fractions (LF) of digestates after separation, concentrates produced by one vibrating membrane filtration step of the liquid fraction using reversed osmosis (RO) membranes, concentrates produced by two subsequent vibrating membrane filtration steps, waste water from an acidic air scrubber and waste water from an alkaline air scrubber. For detailed process description, see [13] . The samples in the digestion plants were taken on three different points in time during approximately one year (2010-2011). Acidic air scrubber water was additionally sampled two times at the pig farm of Ladevo BVBA, Ruiselede, Belgium and conventional pig slurry was sampled two times at the site of Huisman, Aalter, Belgium. The samples (10 L each) were collected in polyethylene sampling buckets and transported within 1 h from the test site to the laboratory, carried in cooler boxes filled with ice. In the laboratory, the replicate samples were stored cool (1e5 C) and kept separate for replicate analysis.
Liquid sample analysis
Conductivity and pH were determined potentiometrically using a WTW F537 conductivity electrode (Wissenschaftlich Technischen Werkstä ten, Weilcheim, Germany) and an Orion model 520A pH meter (Orion Research, Boston, VS), respectively. Suspended solids (SS) were determined by vacuum filtration (0.45 mm) of 100e300 mL sample and subsequent drying of the filter in a furnace (Memmert, Schwabach, Germany) at 105 C. Total nitrogen content was determined using a Kjeltec system 1002 distilling unit (Gerhardt Vapodest, Kö ningswinter, Germany) after digestion of the sample in a sulphuric-salicylic acid mixture. Finally, the captured ammonia in the distillate was titrated with 0.01 mol L À1 HCl in the presence of a methyl red bromocresol green mixed indicator [17] . Total phosphorus content was determined using the colorimetric method of Scheel [17] after wet digestion of the liquid samples (2.5 g sample þ 2 mL HNO 3 þ 1 mL H 2 O 2 ). The absorbance at 700 nm of samples and standards was determined using a Jenway 6400 spectrophotometer (Barloworld Scientific T/As Jenway, Felsted, UK). Calcium, magnesium and heavy metals were analyzed using ICP-OES (Varian Vista MPX, Palo Alto, CA, USA) after wet digestion (see above). Sodium and potassium of the digested samples (see above) were analyzed using a flame photometer (Eppendorf ELEX6361, Hamburg, Germany). Ammonium was determined using a Kjeltec system 1002 distilling unit (Gerhardt Vapodest, Kö ningswinter, Germany) after addition of MgO to the liquid sample (50 mL). Finally, the captured ammonia in the distillate was titrated with 0.01 mol L À1 HCl in the presence of a methyl red bromocresol green mixed indicator [17] . Nitrate, chloride and sulphate were analyzed using ionic chromatography (Metrohm 761, Herisau, Switzerland) after centrifugation and subsequent vacuum filtration (0.45 mm) of the liquid fraction. Total sulfur was analyzed as described by [18] . The extractable amount of macronutrients was determined in an NH 4 OAc-EDTA pH 4.65 extract of the samples [17] 2.3.
Thick sample analysis
Dry weight (DW) content was determined as residual weight after 48 h drying at 100 C. Ash and organic carbon (OC) were determined by incineration of the dry samples in a furnace (Nabertherm, Lilientahl, Germany) at 550 C during 4 h. Conductivity and pH were measured using a WTW F537 conductivity electrode (Wissenschaftlich Technischen Werkstä ten, Weilcheim, Germany) and an Orion model 520A pH meter (Orion Research, Boston, VS), respectively, after equilibration for 1 h in deionized water at a 5/1 liquid to dry sample ratio and subsequent filtering (white ribbon, MN 640 m, MachereyeNagel, Dü ren, Germany). Total nitrogen was determined using the Kjeldahl procedure on fresh weight (FW) content [17] . For the determination of phosphorus, dry samples were incinerated at 450 C during 4 h in a furnace (Nabertherm, Lilientahl, Germany). The phosphorus content was then determined by the colorimetric method of Scheel [17] after digestion of the residual ash (1 g ash þ 5 mL 3 mol L À1 HNO 3 þ 5 ml 6 mol L À1 HNO 3 ). Calcium and magnesium of the digested samples (see above) were analyzed by means of ICP-OES (Varian Vista MPX, Palo Alto, CA, USA). Sodium and potassium of the digested samples (see above) were determined using a flame photometer (Eppendorf ELEX6361, Hamburg, Germany). Ammonium was determined using a Kjeltec system 1002 distilling unit (Gerhardt Vapodest, Kö ningswinter, Germany) after addition of MgO to the sample (50 mL). Finally, the captured ammonia in the distillate was titrated with 0.01 mol L À1 HCl in the presence of a methyl red bromocresol green mixed indicator [17] . Chloride was determined by means of a potentiometric titration using an automatic titrator (Methrohm, Herisau, Switzerland), provided by a Hg/ (Hg) 2 SO 4 referential electrode [17] . The available amount of macronutrients was determined in an NH 4 OAc-EDTA pH 4.65 extract of the samples [17] 
Economic and ecological analysis
The economic and ecological benefits were calculated for the current most relevant re-use scenarios of green fertilizers for the cultivation of maize (Table 1) . For each scenario the total amount of available N applied to soil is 150 kg ha
À1
, according to the Flemish manure regulation for the cultivation of maize on non-sandy soils [19] . Hereby, the amount of available N in both animal msanure and digestate derivatives was considered to be 60% of the total N content, as described by policy [19] . Furthermore, the maximum application standard of 80 kg ha À1 y À1 for total P 2 O 5 [19] b i o m a s s a n d b i o e n e r g y x x x ( 2 0 1 3 ) 1 e1 0 3   261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325   326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389 , with respect for the maximum allowable levels of N and P 2 O 5 application on agricultural land [19] . The data used for the economic and ecological analysis of the different cultivation scenarios are presented in Table 2 .
The economic and ecological impact of artificial fertilizer production, packing, transport and application was taken in account. Hereby the energy use for transport and application was calculated for a lorry with a capacity of 20 t and a diesel consumption of 11.6 MJ km À1 (personal communication, EnergieTransitie, 2011 [22] ;) that travels from the port of Antwerp, distribution point in Belgium, to Ypres in the west of Flanders (129 km), region with the highest nutrient use in Belgium. Next, the impact of transport and application of animal manure and digestate derivatives were incorporated in the calculation [22] . Here it was assumed that the transport distance from the farm to the field is less than 5 km and that a tractor of 88.3 kW is used, with a diesel consumption of 10 L h
. In this way, it is possible to apply 30 t ha À1 h À1 of animal manure or digestate derivatives, which are common figures [22] . The transport costs were then calculated based on the current average cost prize for diesel in Europe (1.37 V L
[23]). Further, it was assumed that an agricultural contractor was paid 2.5 V t À1 FW for fertilizer application [9] .
Next to these costs, also the economic benefits for the agriculturist when accepting animal manure or digestate derivatives as base-fertilizer were handled. This amounts to 250 V ha À1 [9] , resulting in 11.9 V t À1 FW or 1.47 V kg À1 N for animal manure. When animal manure is substituted by digestate, LF digestate and a mixture of digestate (4 ¼ 0.5) and LF digestate (4 ¼ 0.5), the benefits are 9.99 V t À1 FW, 5.29 V t À1 FW and 6.91 V t À1 FW respectively, based on the N content of these streams. Nevertheless, it is expected that in the future these benefits will have to be calculated using the P content of the product, in line with the legislative P standards for soil application that become the more and more strict [19] . Based on all these data, the economic and ecological impact was calculated using the following functions:
where "AF" are artificial fertilizers, "DD" are digestate derivatives and "AM" is animal manure. Finally, when fossil-based mineral fertilizers are replaced by digestate derivatives, significant savings in greenhouse gas (GHG) emissions can be expected. The GHG-emission was [19] .
b i o m a s s a n d b i o e n e r g y x x x ( 2 0 1 3 ) 1 e1 0 calculated for the different scenarios in terms of carbon dioxide (CO 2 ) equivalents (kg ha
). It was assumed that diesel is used for the transport and application of fertilizers and that natural gas is used for the production of artificial fertilizers.
Results

Physico-chemical analysis
Digestates, thick (TF) and liquid (LF) fractions of digestates after separation, thick fractions (TF) of digestates after separation and drying, as well as conventional pig slurry were sampled and physico-chemically analyzed (Table 3) . Also, a mixture of digestate (4 ¼ 0.5) and LF digestate (4 ¼ 0.5) was made and characterized (Table 3 ). The N/P/K ratio was very variable for the different products: 2.8/1/1.6 for digestates, 0.77/1/0.36 and 13/1/11 for thick and liquid fractions after separation respectively, 5.4/1/2.5 for the mixtures and 3.4/1/1.5 for pig slurry. Micronutrient contents were in all samples lower than the Flemish legislation criteria [24] for use as fertilizer and/or soil conditioner in agriculture.
Furthermore, concentrates produced by one vibrating membrane (RO) filtration step of LF digestate, as well as concentrates following two subsequent vibrating membrane (RO) filtration steps were sampled and physico-chemically analyzed (Table 4) .
Results show that concentrates produced by the first filtration not only contained more macronutrients and organic carbon on Fresh Weight (FW) content, but also more salts and trace elements. In all concentrate samples, concentrations of trace elements were however below the Flemish legislation criteria [24] for use as fertilizer and/or soil conditioner in agriculture.
Finally, waste waters produced by both acidic and alkaline air scrubbers were sampled and physico-chemically analyzed (Table 5) .
Results show that the pH of the acidic waste water was continuously in the range of 2e3, while the pH of the alkaline water was around 9. The EC and the salt content of the acidic and the alkaline waste water were both high. The nitrogen content of the acidic waste water was about three orders of magnitude higher compared to that of the alkaline waste water.
Economic and ecological analysis
Twenty-one different cultivation scenarios were economically and ecologically evaluated (Tables 6,7; Fig. 2 ). In scenario 3 to 5 and 16 to 21 the economic cost was higher than that of the reference scenario. Hereby in scenario 3, 16 and 17 also the ecological impact was higher as compared to the reference. Interestingly, all the other scenarios under study had a significantly lower ecological and economic impact than the common practice.
Discussion
Fertilizer value
In nutrient-rich regions crude digestates cannot or only sparingly be returned to agricultural land. Nevertheless, 522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585   586  587  588  589  590  591  592  593  594 analytical results show that application of this product can be beneficial. Advantages while using digestates in comparison to conventional animal manure are for example the higher C/ N ratio, 3.9 vs. 1.9, and the higher nitrogen uptake efficiency (NUE), which is the relative amount of NH 4 -N compared to the total amount of nitrogen, 81 vs. 65e69% (Table 3 [9];). The reason for this is that through anaerobic digestion organic nitrogen is converted into NH 4 , which is directly available for the plant [16] . Also, during the anaerobic digestion easily biodegradable organic compounds are converted into biogas, while complex molecules such as lignin stay behind [16] . Hereby, the digestate keeps its soil enhancing properties. Furthermore, it was observed that the extraction efficiency of macronutrients (P, K, Na, Ca, Mg) using NH 4 OAc-EDTA at pH 4.65 as an extraction agent, is higher (up to 100%) for digestate derivatives than for conventional pig manure. This translates into a higher nutrient availability for plants. A final interesting observation was that the N/P ratio is about four times higher for liquid fractions of digestates than for animal manure, 13 vs. 3.4, and approximately five times higher than for digestates as such, 13 vs. 2.8, as most of the phosphorus ends up in the thick fraction after separation. In light of phosphorus becoming more restrictive in legislative frameworks for soil nutrient application rates [19] , this nutrient has become the limiting element in allowed dosage of organic fertilizers. In this perspective the use of phosphorus reduced liquid fractions of digestate is highly interesting, because more nitrogen can be applied to the soil for the same amount of phosphorus. When mixing digestate (4 ¼ 0.5) and its liquid fraction (4 ¼ 0.5), the relative amount of N to P stays high, while also the soil structure enhancing properties (Ca, Mg, OC) increase. All of these benefits make it an interesting opportunity for agriculturists to treat their manure by anaerobic digestion and re-use the digestate and/or its derivatives on soil, either as base fertilizer and/or as substitute for mineral fertilizers that are based on fossil resources. In addition, results indicate that concentrates produced by membrane filtration have potential as N-K fertilizer. The observed N content was 6.4 AE 0.4 kg t À1 FW, comparable to conventional pig manure, 5e10 kg t À1 FW [9] . The average NUE was 78%, which is higher than conventional pig manure, 69% in this study or 65% in [9] . Furthermore, waste water from acidic air scrubbers shows potential as N-S fertilizer. The N content was 23 AE 9 kg t À1 FW and the S content was approximately 34 kg t À1 FW. Both the N and the S extraction efficiency were 100%, which is a prerequisite for recognition as a valuable mineral fertilizer according to the EU requirements for 'sulphate of ammonia' (EC 2003/2003 [25] ). Finally, waste water from alkaline air scrubbers was poor in nutrients and therefore exhibits no potential as green fertilizer. b i o m a s s a n d b i o e n e r g y x x x ( 2 0 1 3 ) 1 e1 0
From the above it can be concluded that the classification of digestate and its derivatives should be reconsidered on national and European scale, with attention for their qualitative fertilizer properties. The legal categorization of such derivatives as 'green mineral fertilizers' next to the existing framework of 'fossil-based mineral fertilizers' (EC 2003 (EC /2003 ) might be indispensable for their success in the European Union.
4.2.
Potential bottlenecks for re-use When using acidic air scrubber water in agriculture, one should be aware of some practical limitations. At first, the low pH (2e3) of this waste stream shows that this waste water does not only contain ammonium sulfate, but also significant amounts of sulfuric acid. As a consequence, this product has acidifying and corrosive properties. It is therefore advised to use corrosion-durable injectors and to avoid direct contact with skin and plants. Another, more practical solution for this problem is to mix the acidic with the alkaline waste water (pH 9), thereby neutralizing the pH, or at least maintaining a weak acidic pH to avoid unwanted ammonia emissions. Next, it is important to indicate that while mixing or storing the acidic waste stream, H 2 S can be released which is very toxic even at low concentrations. This can be explained by the presence of sulfate reducing bacteria, which are able to use sulfates for the oxidation of organic compounds or hydrogen under lowoxygen conditions, a process in which H 2 S is produced [26] . For all of these reasons, best practice requirements for implementation and use of waste water from acidic air scrubbers should be set up in order to minimize health risks and to prevent soil degradation. Finally, a critical point when using acidic waste water in agriculture could be the salt content. Results show that the EC of this stream is 112 AE 42 mS cm
À1
, while that of conventional pig manure amounts to 35 mS cm
, which is in line with literature data, 30e50 mS cm À1 [9] and [27] . Too high salt contents can cause soil salinification and can dramatically reduce crop production [28] and [29] .
As for acidic air scrubber water, results show that also membrane filtration concentrates have elevated salt contents, 60 AE 8 mS cm
, resulting in high salt/N ratios (up to 6) for this product. Therefore, when using concentrates in agriculture, it is important to pay attention to the salt doses per unit nitrogen applied to the soil. Next, high sodium adsorption ratios (SAR), which are ratios of monovalent cations such as K and Na to divalent bases such as Ca and Mg, can cause soil structure degradation, especially when soils are rich in clay [28] . Finally, results show that the K 2 O content of the concentrates produced by the 1st filtration was 5.2 AE 3.2 kg t À1 FW, which is slightly lower than the expected range of [30] , but still higher than that of conventional pig manure, 4.3 kg t À1 FW.
Although this element can be important for crop production, high ratios of potassium to nitrogen are not preferred in every agricultural application. Particularly livestock-farmers rather use potassium-poor fertilizers, because of the potential health risks for cattle, such as head illness, at high potassium fertilization, >50 t ha À1 y À1 [31] and [32] . Therefore, depending on the composition of the base fertilizer and the soil characteristics, more or less concentrate can be applied as mineral fertilizer, with a maximum advised K 2 O-dose of 70 kg ha À1 y
[31] and [32] . None of the analyzed products exceeded the legal composition and use requirements of heavy metals for re-use as fertilizer and/or soil conditioner in agriculture, as described in Flemish legislation [24] . Only for one sample of dry thick digestate the amount of Ni slightly exceeded the legal value. Furthermore, it should be remarked that because the relative amount of NH 4 -N compared to the total amount of N is higher for digestates and its derivatives than for conventional animal manure, emission poor application techniques, for example direct injection, should be used. Also, fields must be ploughed as soon as possible after application of these fertilizers in order to minimize NH 3 -emissions to air. Research on the microbiological quality of digestate and its derivatives was not included in this study, but will be aspect of future research. 
Yet, an orientating study [16] demonstrated that the amount of both aerobic and plant pathogens in digestate is less than in animal manure, while the amount of anaerobic pathogens is higher. More research in this field is, however, required.
Economic and ecological benefits
Re-use of valuable nutrients coming from digestate processing as a substitute for artificial fertilizers could result in significant fossil energy and CO 2 -emission savings, as well as cost savings. The energy consumption for artificial fertilizer use (N, P 2 O 5 , K 2 O) in the reference scenario was 3.5 GJ ha
À1
, which results in a GHG-emission of 193 kg ha À1 y À1 in terms of CO 2 -equivalents, assuming that natural gas was used for the production of artificial fertilizers and that diesel was used for the transport and application of fertilizers. The economic fertilizer cost for the agriculturist in this scenario amounts to 54 V ha
. It is observed that the substitution of artificial fertilizers by acidic waste water results in significantly less economic and ecological costs (scenario 1e2), because the impact of artificial fertilizer production diminishes. This is also the case when artificial fertilizers are substituted by membrane filtration concentrates (scenario 14e15). On the contrary, substitution of artificial fertilizers by digestates (Scenario 16e17) and mixtures of digestate (4 ¼ 0.5) and LF digestate (4 ¼ 0.5) (Scenario 20-21) requires more artificial N than the common practice, because of the low N/P 2 O 5 ratio of these products. Therefore, these scenarios seem not interesting. It should however be remarked that in this study the relative amount of available N compared to the total amount of N in the digestate derivatives was assumed to be 60%, according to the manure regulation. Nevertheless, results indicate that the actual amount of available N in digestate derivatives is higher. The implementation of a new categorization for these products could therefore result in a lower economic and ecological impact than predicted in the current study. Furthermore, substituting artificial fertilizers with LF digestate turns out in significantly less artificial K 2 O requirements, while no artificial N is necessary. This results in a very low ecological impact: an energy use of 0.77 GJ ha À1 and a GHG-emission of 55 kg ha À1 expressed in terms of CO 2 -equivalents. However, because the N concentration in the liquid fraction is low, the application and transportation costs for artificial fertilizers in this scenario are higher than in the common practice. Substituting animal manure with biomethanisation digestates as base fertilizer (Scenario 3-4-5) results in more artificial N requirements than the common practice, because the ratio of N to P is lower for digestates than for animal manure. This results in a higher economic impact than the common practice for all these scenarios and a higher ecological impact for scenario 3. Also additional artificial P 2 O 5 can be required in these scenarios. On the other hand, substitution of animal manure with LF digestate (Scenario 6-7-8) results in significantly less artificial K 2 O use. This results in economic and ecological benefits for the agriculturist. However, also in these scenarios additional artificial P 2 O 5 can be required. Substituting animal manure by a mixture of digestate (4 ¼ 0.5) and LF digestate (4 ¼ 0.5) (Scenario 9-10-11) also results in less artificial K 2 O use than the common practice, while maintaining a high N and P 2 O 5 dose. When simultaneously substituting artificial fertilizers with membrane filtration concentrates, the highest economic benefits were reached, up to 82 V ha À1 (Scenario 13), while a relative reduction of 65.4% in the ecological impact was obtained compared to the common practice. Finally, it is interesting to notice that significant amounts of sulfur are applied to the soil in scenarios 1, 2, 4, 5, 7, 8, 10,and 11. This could result in an extra economic benefit of 0.75 V kg À1 S (personal communication, Triferto, 2010), depending on the sulfur need of the agricultural crops.
Conclusion and future perspectives
Recuperation and cradle-to-cradle re-use of macronutrients from digestate derivatives can be an important aspect in the further development of sustainable agriculture, anaerobic digestion and green chemistry. Concentrates following membrane filtration through reversed osmosis show potential as green N-K fertilizer, whereas waste water from acidic air scrubbers shows potential as green N-S fertilizer. Important bottlenecks for agricultural re-use of concentrates could be the salt content, the sodium adsorption ratio and the potassium content, especially for livestock-farmers. Bottlenecks for agricultural re-use of acidic air scrubber water could be the pH, the b i o m a s s a n d b i o e n e r g y x x x ( 2 0 1 3 ) 1 e1 0 9 1106  1107  1108  1109  1110  1111  1112  1113  1114  1115  1116  1117  1118  1119  1120  1121  1122  1123  1124  1125  1126  1127  1128  1129  1130  1131  1132  1133  1134  1135  1136  1137  1138  1139  1140  1141  1142  1143  1144  1145  1146  1147  1148  1149  1150  1151  1152  1153  1154  1155  1156  1157  1158  1159  1160  1161  1162  1163  1164  1165  1166  1167  1168  1169  1170 JBB3101_proof ■ 8 January 2013 ■ 9/10
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